We induced an experimental listeriosis in five goats by oral inoculation of Listeria monocytogenes serovar 1/2a. The resulting generalized bacteremia was reflected by systemic illness in four of the five animals inoculated and by excretion of L. monocytogenes in milk by all five animals. By using an enzyme immunoassay, we recorded a markedly enhanced immunoglobulin G (IgG) antibody response in the two youngest and most seriously ill test animals. In these, the elimination of L. monocytogenes from the gastrointestinal tract occurred simultaneously with the development of the highest antibody levels at 14 to 15 days postinoculation. In the case of the oldest test animal, a preexisting, persistent IgG antibody response was recorded which was associated with the total absence of clinical symptoms and the shortest observed fecal carriage of L. monocytogenes, lasting for only 3 days. Two animals remained practically seronegative, and an IgM antibody response was not recorded for any of the animals. The findings suggest that an association exists between the humoral immune defense against Listeria infections, the clinical course of the infection, and the elimination of the Listeria organisms from the gastrointestinal tract.
Listeria monocytogenes is a facultative intracellular microorganism, and the essential role of cell-mediated immunity in listerial infections is well documented (10, 17, 20) . The humoral immune response to facultative intracellular bacteria is generally considered ineffective, but the specific role of antilisterial humoral immunity is still incompletely understood. Serological tests, such as the most widely used agglutination methods and the complement fixation test, lack the sensitivity to detect the weak antibody response frequently seen in confirmed listerial infection. As such, they are unsatisfactory both in experimental studies and as diagnostic tests for listeriosis.
Most of the experimental studies with listeriae have been carried out with mice, in which listeriosis differs in several aspects from that occurring in most domestic animals and humans (7, 17) . Moreover, most of the previous experiments have been obscured by the use of inoculum sizes and routes not comparable with natural infection. Therefore, the time course of the antibody response to L. monocytogenes and its relation to the course of and sequelae to naturally occurring listeriosis are poorly characterized.
The present work was undertaken to study the humoral immune response to L. monocytogenes in goats experimentally infected with the organism. Natural listeriosis in domestic animals is most common among ruminants (3, 8) , and the overt disease in these animals bears close resemblance to human listeriosis. With respect to the firmly established role of L. monocytogenes as a foodborne pathogen (6, 13, 23) determinations were obtained daily for the first 5 days postinoculation, twice a week for the first month postinoculation, once a week for the following 2 months, and at 2-week intervals for a total of 6 months thereafter.
Bacteriological examination. The occurrence of L. monocytogenes in the milk and feces was determined by direct plating on selective media and by a selective enrichment procedure. For quantitative analysis, the milk and fecal samples were serially (1:10) diluted in PBS, pH 7.2, and each dilution was plated in duplicate on Oxford agar (Oxoid Ltd., Basingstoke, Hampshire, United Kingdom). The plates were incubated at 37°C for 48 h, and the colonies typical of listeriae were counted. The milk samples were enriched by a modified procedure of Lovett et al. (16) by adding (per liter) 10 mg of acriflavine hydrochloride, 40 mg of nalidixic acid, and 50 mg of cycloheximide to the enrichment broth. The incubation time was 48 h at 30°C. The fecal samples were enriched according to the procedure of McClain and Lee (18) . After the enrichment procedures, the samples were cultured on Oxford agar (Oxoid Ltd.) as described above. The positive isolation of L. monocytogenes was verified biochemically as described by Seeliger and Jones (25) and serologically by using tube agglutination with Listeria type OI antiserum (Difco).
Preparation of antigen. L. monocytogenes (1-liter culture) grown in tryptose broth (Difco) at 20°C for 18 h was harvested by centrifugation at 5,000 x g for 30 min, washed twice in PBS, pH 7.2, and resuspended in 5 ml of PBS. The cells were lysed by periodic ultrasonic treatment on ice with a Vibra-Cell sonicator (Sonics & Materials, Inc., Danbury, Conn.) at full power for 10 min and centrifuged (5,000 x g for 30 min) to clear remaining whole bacteria. The supernatant was dialyzed against PBS for 18 h at 4°C, and the resulting antigen was stored at -20°C.
Antibody determination. Tests were done on microdilution plates (Linbro Microtitration multiwell plate; Flow Laboratories, Inc., McLean, Va.). The plates were sensitized with the antigen diluted 1:100 (30 ,ug/mI) in PBS, pH 7.2, by overnight incubation at 37°C. The plates were then washed with PBS containing 0.5% (vol/vol) Tween 20. The serum samples were serially diluted in PBS containing 5% (vol/vol) fetal calf serum and 0.01% (vol/vol) Tween 20 and NaCl (final concentration, 0.5 M). They were then incubated in 100-,ul volumes per well for 90 min at 30°C. After washing, 100 youngest animals, goats 3 and 4, in which enhanced antibody responses were recorded. The disappearance of L. monocytogenes from the feces of these animals occurred simultaneously with the reaching of the highest antilisterial antibody titers in serum. The shortest fecal carriage period of only 3 days was observed for the oldest test animal, goat 1, which was found to be initially seropositive. The serologically weakly or nonresponding animals, goats 2 and 5, carried L. monocytogenes for 10 and 7 days, respectively.
DISCUSSION
In the present study, an experimental listeriosis was induced in goats by using an oral inoculation of L. monocytogenes serovar 1/2a. Foodborne infection is considered the major mode of natural listeriosis transmission in both hu- mans and animals (22, 28) . The majority of cases are caused by serovars 1/2 and 4b (24), with serovar 1/2a being the most common serovar among animal strains in Finland (12) . The size and variation of the infective dose are still largely unknown, although in some cases of human listerial food poisoning the contamination level of the consumed food has been determined (2, 11) . High numbers of L. monocytogenes, comparable with the dose used in the present study, have been detected in contaminated silage associated with listeriosis in ruminants (5) . Before the current experiment, the infective potential of the dose was pretested in two adult goats. Generalized bacteremia after dissemination of the organisms was reflected by systemic illness in four of the five animals inoculated and by excretion of L. monocytogenes in milk by all five animals. Since the incubation period and the clinical signs of the test animals used here were similar to those reported for natural outbreaks of listeriosis in goats (15) , the current findings should be relevant to some forms of naturally occurring listeriosis.
The most severe infections occurred in the youngest test animals in the present study. In general, young animals appear to be more susceptible to Listeria infection than old animals (8) . The increased capacity of adults to withstand listeriosis has been associated with the activity of the cellmediated immune response (4) . Moreover, age-related differences in the normal microbial flora of the gastrointestinal tract are probably involved (19, 29) . In the current series consisting of five adult goats, we recorded a markedly enhanced IgG antibody response for the two youngest animals, whereas the oldest animal was initially seropositive and remained seropositive throughout the study. The preexisting antibodies in serum were associated with rapid clearance ofL. monocytogenes from the gastrointestinal tract and the absence of clinical symptoms, suggesting that they were related to or even contributed to the resistance against the organism. In the two youngest animals, a similar association was found between the formation of high levels of specific IgG antibodies in serum and the disappearance pattern of L. monocytogenes from the feces. These findings suggest that humoral defense is involved in the elimination of Listeria infections.
The lack of severe clinical signs and the relatively short duration of fecal shedding in two practically seronegative animals indicate the major role of cell-mediated defenses. However, the possible role of secretory antibodies was not addressed in the present study and calls for further investigation. The possibility of an effective secretory antibody response even in the absence of detectable serum antibody response cannot be excluded. In ruminants, the secretory antibodies belong mainly to the IgG1 isotype (27) .
The absence of detectable IgM antibodies, which are usually produced during primary immune response, may indicate previous contacts with listeriae or antigenically related bacteria. The predominance of IgG antibody response in experimental listeriosis of adult sheep has been previously demonstrated by Aalund et al. (1) .
The implication of the persistent high levels of antilisterial antibodies in serum demonstrated for one goat in the present study is not clear. Acquired immunity to facultative intracellular parasites is generally short lived (27) , and the enhanced cellular and humoral reactions are generally thought to persist only as long as viable organisms remain in the body. Persistence of infection is common with certain other intracellular bacteria, such as Brucella abortus and Mycobacterium bovis (26) . In Brucella infections, high titers of IgG antibodies without opsonizing activity have been suggested to indicate chronicity of the infection (21) . In this study, however, no preinoculation fecal carriers of listeriae were detected, and the possibility of an extraintestinal preexisting infection remains questionable.
Although healthy animals may be carriers of listeriae when exposed to these bacteria through feed, the carriage is much more common after overt listeriosis (9, 14; R. G. Dijkstra, Ph.D. thesis, Rijksuniversitet, Utrecht, The Netherlands, 1965). In the present study, however, the clinical recovery of the animals was associated with the rapid disappearance of the Listeria organisms from the feces. Therefore, the fecal shedding seems to be of short duration and should be considered to indicate a reinfection of the animal rather than a chronic carrier state.
In conclusion, the results of the present study suggest that antibodies, in addition to cell-mediated mechanisms, are implicated in the resistance against listerial infections. In some cases of clinical listeriosis, the serum antibody levels reflect the clinical course of the infection and are associated with the elimination of L. monocytogenes from the gastrointestinal tract. The possible role of secretory antibodies in the immune defense against listeriosis needs more detailed investigation. The diversity in the serum IgG antibody response in generalized listeriosis, the absence of an IgM antibody response, and the possibility of a persistent serum IgG antibody response without a detectable carrier state decrease the diagnostic value of the enzyme immunoassay technique described here. Further studies of the antigenic specificity and determinants of the persistent and temporary IgG antibody responses are required.
